Group G Streptococcus (GGS) is a human bacterial pathogen expressing surface proteins FOG and protein G (PG) which interact with several host defence systems, including the complement and contact systems. Selected reaction monitoring mass spectrometry, electron microscopy and protein binding assays were used to track the amounts of FOG and PG intracellularly and on the bacterial surface during different phases of growth. Large and increasing amounts of PG were present on the surface in the stationary growth phase, and this was due to de novo production. In contrast, the amount of FOG did not change substantially during this phase. Apart from PG, a number of housekeeping proteins also increased in abundance in the stationary phase. These results show that GGS protein production is active during the stationary phase and that the bacteria actively remodel their surface and enter a less pro-inflammatory state in this phase.
INTRODUCTION
Group G streptococci (GGS) are important human pathogens, causing a range of infections such as pharyngitis, pyoderma and sepsis, as well as post-infection sequelae (Bramhachari et al., 2010; Brandt & Spellerberg, 2009; Dinkla et al., 2007; Takahashi et al., 2011) . Among their virulence factors are M-like proteins and protein G (PG). These cover the bacterial surface and interact with several host proteins and defence systems. For example, PG and the M-like protein FOG bind several human plasma proteins (Björck & Kronvall, 1984; Björck et al., 1987; Johansson et al., 2004; Nitsche-Schmitz et al., 2007; Reis et al., 1984; Wollein Waldetoft et al., 2012) , including components of the complement and contact systems, but the effects they exert are different; FOG activates these systems whereas PG protects the bacteria against the antibacterial peptides generated through the activation Wollein Waldetoft et al., 2012) .
Streptococcal surface proteins are also released from the bacterial surface. For instance, group A Streptococcus has a cysteine proteinase that cleaves and releases biologically active fragments of surface proteins in post-exponential phases of growth (Chen et al., 2012; Loughman & Caparon, 2006; Rasmussen & Björck, 2002) . This proteinase is lacking in GGS, but nonetheless PG and FOG are released into the environment, where they exert additional effects including protection against neutrophils and antimicrobial peptides (Guss et al., 1986; Johansson et al., 2004; Wollein Waldetoft et al., 2012) . The release mechanism is not known, but the data show that PG and FOG participate in host-pathogen interactions both when attached to the bacterial surface and after being released into the surrounding environment. Moreover, if proteins released from the surface are not replaced, some functions may be compromised, or the functional profile of the bacteria may change.
Given this background, two questions were posed. First, when PG and FOG have been shed from the bacterial surface, are they replaced by de novo production during the stationary phase? This phase was chosen to minimize the confounding effect of protein production associated with bacterial growth. Second, how does the protein composition of the surface change across the different phases of bacterial growth? To address these questions, the temporal dynamics of PG and FOG production were followed during growth of a GGS isolate using selected reaction monitoring mass spectrometry (SRM-MS), electron microscopy (EM), real-time PCR and protein binding assays. In short, it was found that large amounts of PG were added to the bacterial surface in the stationary phase, a pattern that differed from that of FOG. For comparison a number of housekeeping proteins were measured intracellularly, showing that most were produced throughout both exponential and stationary phases. I-labelled proteins, bacteria were inoculated from a frozen stock into 10 ml Todd-Hewitt broth (Difco) supplemented with 0.5 % (w/v) yeast extract (Oxoid) (THY), and grown overnight at 37 uC in 5 % CO 2 without agitation. Each 10 ml culture was added to 200 ml fresh medium, and the resulting cultures were followed with measurements of the optical density at 620 nm (OD 620 ; Thermo Spectronic Genesys 20; path length 13 mm) into early stationary phase (as determined by a lack of further increase in OD). The bacteria were washed and diluted to 2610 9 c.f.u. ml 21 in 0.05 M KH 2 PO 4 plus 0.005 M EDTA, pH 6.1 (trypsin buffer), and incubated with 400 mg ml 21 (final concentration) trypsin (Sigma) at 37 uC for 70 min under rotation, after which 400 mg ml 21 (final concentration) trypsin inhibitor (soy bean; Sigma) was added. The bacteria were then washed twice in trypsin buffer with trypsin inhibitor in the first wash. The stationary-phase medium was sterilefiltered, trypsin inhibitor was added to a final concentration of 5 mg ml
21
, and the bacteria were resuspended in the medium. The suspension was distributed into tubes with 10 ml in each, and incubated at 37 uC with 5 % CO 2 for 26 h with or without 0.2 mg ml 21 chloramphenicol, or kept cold (4 uC) for the same period. Following incubation, the bacteria were subjected to binding assays with 125 I-labelled human serum albumin (HSA; Sigma) or fibrinogen (Sigma), which bind PG and FOG, respectively (Johansson et al., 2004; Sjöbring et al., 1988) , as described in Wollein Waldetoft et al. (2012) . The experiment was performed in 12 replicates in three blocks.
For growth characterization and MS, the bacteria were inoculated from frozen stock into 10 ml Todd-Hewitt broth, which had been passed through a filter with a 10 kDa cut-off (Amicon, Millipore) as described in Lei et al. (2000) (PR-TH). The bacteria were grown at 37 uC with 5 % CO 2 for approximately 17 h, diluted 22-fold in fresh PR-TH, and grown to mid-exponential phase (OD 620 0.4; path length 13 mm). The bacteria were then washed and diluted to 10 9 c.f.u. ml 21 in 10 mM Tris/HCl, pH 7.5 supplemented with 5 mM glucose (TG), and 200 ml of this suspension was inoculated into 50 ml fresh PR-TH, yielding a bacterial concentration of 4610 6 c.f.u. ml 21 . The suspension was distributed into transparent plastic tubes (8 ml in each), and the resulting cultures were followed for 24 h. OD 620 (path length 15 mm) was measured every hour for the first 10 h, and then only at sampling. Prior to OD 620 measurements, all tubes were gently shaken. Sampling for MS was done at 4, 6, 9, 13, 18 and 24 h. At sampling, 50 ml bacterial culture was removed, serially diluted in TG and plated on 4 % horse blood agar for counting of c.f.u. The remaining material was prepared for MS analysis as described in the subsequent section. The experiment was performed in three biological replicates.
Preparation of samples for SRM-MS. Material for MS was prepared from the intracellular and surface-associated proteomes, as described in Karlsson et al. (2012) for Streptococcus pyogenes. Briefly, at the indicated time points, bacteria were harvested by centrifugation. For intracellular proteome preparation (Malmström et al., 2012a) , the bacterial cells were lysed using a bead-beater and centrifuged, and the supernatant was prepared for MS analysis, as subsequently described. For surface proteome preparation (Severin et al., 2007; Solis et al., 2010) , surface-associated proteins were released by trypsination of the bacterial cells in a hypotonic solution. The trypsinated bacteria were gently centrifuged and the supernatant was prepared for MS analysis, as subsequently described.
Protein samples (intracellular and surface-associated) were denatured with urea, reduced with 5 mM Tris(2-carboxyethyl)phosphine, alkylated with 10 mM iodoacetamide and trypsinated overnight. The resulting peptides were washed and de-salted with C18 reversedphase spin columns according to the manufacturer's instructions (Harvard Apparatus).
SRM-MS and measurement of total protein concentrations.
SRM transition lists for quantification of PG and FOG were generated using previously published methods (Karlsson et al., 2012; Malmström et al., 2012b) . In brief, tryptic digests of recombinant variants of these proteins were analysed with an LTQ-Orbitrap XL mass spectrometer (Thermo Scientific). Proteotypic peptides identified with high confidence were selected and experimentally validated SRM assays were generated. SRM transitions were generated from experimental MS2 spectra. SRM assays for selected housekeeping and ribosomal proteins were from the SRM assay resource for S. pyogenes (Karlsson et al., 2012) . Assays with high transportability indices were used, thus targeting peptides and proteins that are conserved across streptococcus species. The SRM transition list, including targeted proteins and peptides, is given in Table S1 (available in Microbiology Online).
The SRM measurements were performed on a TSQ Vantage triple quadropole mass spectrometer (Thermo Scientific) equipped with a nanoelectrospray ion source (Thermo Scientific). Chromatographic separation of peptides was performed on an EASY-nLC II system (Thermo Scientific) with a PicoTip Emitter (10 mm tip, 75 mm612 cm; New Objective) packed with Reprosil-Pur C18-AQ resin (3 mm; Dr Maisch). The LC was operated with a flow rate of 300 nl min
. The mass spectrometer was operated in SRM mode, with both Q1 and Q3 settings at unit resolution [full width at half maximum (FWHM) 0.7 Da]. A spray voltage of +1700 V was used with a heated ion transfer setting of 270 uC for desolvation. Data were acquired using the Xcalibur software (version 2.1.0). The dwell time was set to 10 ms and the scan width to 0.01m/z. All collision energies were calculated using the formula: CE50.034(parent m/z)+3.314. Added retention time peptides (Biognosys) allowed normalization of the retention time as previously described (Malmström et al., 2012b) .
Total protein concentrations of bacterial lysates (the samples for intracellular proteomes described previously) were determined with BCA Protein Assay Reagent (bicinchoninic acid; Pierce) according to the manufacturer's instructions.
Electron microscopy (EM). For EM, the bacteria were cultured as for MS. Samples were withdrawn at 4, 6, 12, 13 and 24 h. For visualization of surface proteins, the bacteria were washed in TG, and 4610 8 c.f.u. ml 21 (final concentration) were incubated with 0.2 mM HSA (Sigma) conjugated to 5 nm colloidal gold, and 0.2 mM human fibrinogen (Sigma) conjugated to 10 nm colloidal gold, and subjected to negative staining and EM as described in Bober et al. (2010) , with the exception that the uranyl formate step was omitted. For quantification of bound probes, the exposure of images was digitally adjusted such that the gold particles could be discerned throughout the bacterial surface. A number of fields of view were inspected, and the number of gold particles per square micrometre of bacterial surface was counted. A total of 500 particles per sample were counted. For visualization of bacterial morphology, bacteria from the previously described experiment were subjected to negative staining and EM as described in Bober et al. (2010) .
Real-time PCR. For real-time PCR, the bacteria were cultured as for MS. Samples were withdrawn at 4 and 12 h. The bacteria were then washed in PBS, incubated for 15 min at 37 uC with 200 ml 1 mg ml 21 lysozyme (ICN Biomedicals) in 10 mM Tris with 0.1 mM EDTA (pH 8.0), and lysed by addition of 350 ml lysis buffer (Nucleospin kit, RP1; Macherey-Nagel) with 3.5 ml 2-mercaptoethanol. Subsequently, 550 ml Trizol (Life Technologies) was added, and the samples were stored at 280 uC until analysis. Total RNA was isolated using the acid guanidinium phenol/chloroform method supplied by Qiagen. The OD ratio (260 nm/280 nm) of RNA was always higher than 1.95. Reverse transcription was performed on 1 mg total RNA using the iScript cDNA Synthesis kit (Bio-Rad) according to the manufacturer's instructions. Real-time PCR was then used to quantify the FOG and PG mRNA expression. Data were normalized to rpsL. The relative DDC t values shown in Fig. 3(c) were calculated by normalizing against exponential-phase samples for the respective mRNAs. Primers were designed accordingly: FOG forward primer 59-TCTTCGTCGTGA-CTTGAACG-39, reverse primer 59-GTGTTGCTTCAGGGGTT-TGT-39; PG forward primer 59-GGATCAACGGTATTCGCTGT-39, reverse primer 59-TACGCAAAGCCAGTGTTGTC-39; and rpsL forward primer 59-TTCGCTCGTGTACGTTTGAG-39, reverse primer 59-GGTCAGCAACACCTGCTGTA-3'. The expression was analysed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). Amplification was performed at 55 uC for 40 cycles in an iCycler Thermal Cycler (Bio-Rad), and the data were analysed using iCycler iQ Optical System Software (Bio-Rad).
Data analysis. The SRM-MS data analysis was performed as described in Malmström et al. (2012b) using a 1 % false discovery rate. The resulting peptide abundances were exported into a database, where protein abundances were inferred by summing the abundances for the peptides uniquely mapping to each protein (Malmström et al., 2006) . Statistical analyses were performed with the statistical softwares SAS (SAS Insitute) and Prism 6.
RESULTS AND DISCUSSION
PG and FOG on the bacterial surface assessed with radiolabelled probes To investigate whether PG and FOG are produced in the stationary phase and replace proteins released from the surface, G45 bacteria were grown into early stationary phase. At this point the two surface proteins were cleaved from the bacterial surface with trypsin. PG binds HSA, whereas FOG has affinity for fibrinogen (Johansson et al., 2004; Sjöbring et al., 1988) , and binding experiments with 125 I-labelled HSA and fibrinogen confirmed that trypsin efficiently removes FOG and PG from the surface of G45 bacteria. Following trypsin digestion, the bacteria were resuspended in their stationary-phase growth medium and the samples were then incubated at 37 u C to continue the stationary phase. Control samples were incubated at 37 u C with the addition of chloramphenicol, to prevent protein synthesis, or kept cold (4 u C). After incubation, the amounts of PG and FOG at the bacterial surface were assessed by binding of 125 I-labelled HSA or fibrinogen.
Samples incubated at 37 u C without the protein synthesis inhibitor chloramphenicol (denoted 'case' in the following analysis) bound more HSA than control samples incubated with chloramphenicol at 37 u C, or at 4 u C. The difference was statistically significant (ANOVA, F 3,42 521.65, P,0.0001; Tukey post-hoc test P,0.0001 for case versus controls, and P50.997 for controls versus each other). However, the percentage of the probe that bound to the bacteria was low (mean 5.6, 2.4 and 2.3 % for case, chloramphenicol control and cold control, respectively), suggesting low amounts of PG at the surface. Nevertheless, the data suggest that ongoing protein synthesis in the stationary phase can result in the reappearance of PG during this phase. For FOG, no significant difference between treatments was detected (F 3,44 51.30; P50.29).
PG and FOG on the bacterial surface during different phases of growth assessed with SRM-MS and EM
The findings described previously suggested that PG is produced in the stationary phase, but the temporal patterns of PG and FOG on the surface in relation to bacterial growth remained unclear. To elucidate these patterns, G45 bacteria were grown for 24 h in batch culture. The growth was monitored by measurement of the optical density, and by plating serial dilutions and counting c.f.u. The amounts of PG and FOG on the surface were measured with SRM-MS, a method that targets specific peptides that uniquely represent the proteins under investigation.
The OD, which reflects the total number of bacterial cells (living and dividing, living but not dividing, or dead), increased in the exponential phase, and remained approximately constant thereafter (Fig. 1) . The number of c.f.u. also increased during the exponential phase, and was constant in the stationary phase, but then fell in the decline phase (Fig. 1) . No lag phase was observed, probably due to the fact that the experiments were initiated with inoculates from exponential-phase cultures. Thus, the growth characteristics of the G45 strain closely resemble the standard pattern of bacterial growth as described in microbiology textbooks (see, for example, Barer, 2007) .
From the mid-exponential phase (4 h post-inoculation) to the onset of the stationary phase (6 h), the number of bacteria, as determined by OD measurements and by colony counting, increased by approximately a factor of three. The amounts of PG and FOG at the bacterial surface followed this increase, and the amount of protein per bacterium was about the same at both time points Proteins G and FOG in different growth phases (Fig. 2a) . In the subsequent stationary phase, when the optical density and c.f.u. count remained constant, the amount of PG continued to increase and peaked at approximately levels 75-80 % higher than at the onset of the stationary phase. Lastly, in the decline phase, the amount of PG fell. The amount of PG thus changed after the onset of the stationary phase (ANOVA, F 4,10 55.27, P50.015). In contrast, the amount of FOG followed the optical density curve, already entering a plateau at the transition from the exponential to the stationary phase, with only a small elevation at one subsequent time point. The change was not significant (F 4,10 53.07, P50.068). These results are in qualitative agreement with the findings from the radiolabelled binding studies reported in the previous paragraph. However, in the latter experiments, the surface proteins were cleaved off in the early stationary phase, and the amount of protein subsequently produced was assessed in the decline phase, when the SRM-MS data showed a decrease of PG. This is probably why the binding experiments showed only a low level of HSA binding (representing PG), whereas the SRM-MS data showed a large increase in PG. SRM-MS is a method with high sensitivity, accuracy and reproducibility (Method of the year 2012, 2012; Picotti & Aebersold, 2012) , and these quantifications are therefore robust. In addition, they are further corroborated by quantitative PCR data presented in a subsequent paragraph.
PG and FOG bind HSA and fibrinogen, respectively, with high affinity and specificity (Johansson et al., 2004; Sjöbring et al., 1988) . To visualize PG and FOG at the surface, bacteria from different growth phases were incubated with gold-labelled HSA (5 nm colloidal gold) and fibrinogen (10 nm colloidal gold), and subjected to negative staining and EM. An increase of bound HSA in the stationary phase, as well as a subsequent decline was observed (Fig. 2b) . The gold particles associated with the bacterial surface were counted. The number of 5 nm particles (conjugated to the PG ligand HSA) per square micrometre of bacterial surface increased from 79 in the mid-exponential phase (4 h time point), through 118 at the transition to the stationary phase (6 h), to 223 in the stationary phase (12 h), and then decreased to 66 in the decline phase (24 h). These results are consistent with the finding from the SRM-MS experiments that PG increases in the stationary phase and decreases in the decline phase. The number of 10 nm gold particles (conjugated to the FOG ligand fibrinogen) per square micrometre of bacterial surface increased from 18 in the mid-exponential phase (4 h), through 35 at the transition to the stationary phase (6 h), to 89 in the stationary phase (12 h), and then decreased to 57 in the decline phase (24 h). These results may support the nonsignificant increase of FOG in the late stationary phase seen in the MS data (Fig. 2a) . However, since the method is semiquantitative and the experiment was performed only once, this remains uncertain. Finally, from a methodological point of view, the change in PG in the post-exponential phases of growth and the increased variance in measurements from late time points (Fig. 2a) indicate that the use of 'overnight' cultures may not always be appropriate.
The increase of PG at the bacterial surface is due to synthesis in the stationary phase
The results described in the previous sections showed an increase in the amount of PG at the bacterial surface during the stationary growth phase. This could be explained by de novo production of PG in the stationary phase, or by a large production during the exponential phase followed by export to the surface in the stationary phase. To distinguish between these two possibilities, PG (and FOG) was also measured intracellularly by SRM-MS, and the amounts were compared with those found at the surface [the raw data of Fig. 2(a) were incorporated in Fig. 3(a, b) ]. The results show that the increase of PG on the bacterial surface in the stationary phase cannot be accounted for by an intracellular accumulation in the exponential phase. Whereas the increase on the surface is large, the intracellular amount of PG is small and constant, which precludes relocation (Fig. 3a) . These results are consistent with the results from the binding studies (described in a previous section) showing that the addition of PG to the surface is prevented by the protein synthesis inhibitor chloramphenicol. Taken together, the data demonstrate that the increase in PG on the bacterial surface in the stationary phase is due to de novo production of the protein in that phase. The intracellular amount of FOG was also measured, and analogous to PG there was no evidence of relocation (Fig. 3b) . To investigate this further, the Table  S1 ) were measured in the intracellular compartment using SRM-MS. Each black line represents a single protein (the mean of three replicates), and PG and FOG (blue and red lines, respectively) are included for comparison. The values are normalized to the 6 h time point (as in Fig. 2a ).
amounts of mRNA for PG and FOG in the exponential and stationary phases of growth were assessed with real-time PCR. As shown in Fig. 3(c) , PG mRNA was approximately constant between growth phases, whereas FOG mRNA was downregulated in the stationary phase. These results corroborate the findings from the MS experiments and the protein-binding studies, showing that PG is produced and added to the bacterial surface during both exponential and stationary phases, whereas the production of FOG is decreased or ceases in the stationary phase.
Production of housekeeping proteins in the stationary phase
A priori it seems reasonable that the production of housekeeping proteins and major surface constituents should follow bacterial growth, making the behaviour of PG the exception and that of FOG the norm. However, when a number of housekeeping proteins were measured in the intracellular compartment, the general pattern was an increase from the exponential through the stationary phase followed by a decrease in the decline phase (Fig. 3d) . Thus, contrary to our expectations, the majority of the measured housekeeping proteins were produced through the stationary phase, and the relative amount of these proteins was in most cases between that of PG and FOG (Fig. 3d ). For comparison, the total amount of protein in the intracellular compartment was assessed with the BCA Protein Assay Reagent; this total remained constant from the onset of the stationary phase throughout both stationary and decline phases (data not shown).
In a complementary experiment, bacteria from different growth phases were visualized by negative staining and EM. Consistent with maintained protein production from the exponential through the stationary phase, the bacteria retained their morphology throughout these phases. The morphology then changed during the decline phase, concomitant with the fall in housekeeping proteins and surface-associated PG. In the late decline phase most bacteria had decreased in size and the surfaces displayed loss of proteins in patches (Fig. 4) .
Concluding Remarks
The two major findings of the present investigation are that GGS exhibit active production of housekeeping proteins in the stationary growth phase, and that PG and FOG, two dominant GGS surface proteins, show different expression patterns. Compared with FOG, the amount of PG increases and reaches higher levels in the stationary phase. The results shed new light on previous observations and they have interesting biological implications. , 2007) , whereby the classical pathway of complement is activated, resulting in the generation of C3a and C5a. Like bradykinin, these two peptides induce an increased vascular permeability. In addition, FOG binds fibrinogen to form complexes, which, analogously to the M protein of group A streptococci (Herwald et al., 2004) , activate neutrophils to release heparin-binding protein (Johansson et al., 2004) , another pro-inflammatory substance inducing vascular leakage of plasma. Since plasma is rich in nutrients, these multiple permeability-increasing effects of FOG should increase the nutrients available for bacterial growth. Apart from IgG, PG binds albumin (Björck et al., 1987) , the most abundant protein in plasma. Through this interaction the free fatty acids transported by albumin are made available for GGS metabolism, which will also promote growth (de Château et al., 1996) . However, the inflammatory response induced by FOG will also have its drawbacks for the bacteria. Activation of the complement and contact systems, and of neutrophils, will generate antimicrobial peptides (AMPs) at the site of infection (Frick et al., 2006; Nordahl et al., 2004) , and an inflamed pharyngeal epithelium will also produce such peptides (Egesten et al., 2007) . It is known that PG-bound albumin and PG itself inactivate the major AMPs produced by inflamed epithelium and in response to contact activation, respectively (Egesten et al., 2011; Wollein Waldetoft et al., 2012) . Finally, PG will not only protect against the adverse effects of inflammation induced by FOG. Since PG and FOG both bind IgG and contact system components at the bacterial surface, the two proteins will compete for these ligands. Through different mechanisms, an increased amount of PG relative to FOG in the stationary phase will therefore result in a shift towards a less pro-inflammatory state.
To translate data from in vitro growth conditions to the much more complex situation in vivo is of course a difficult task. However, the present results together with previous data indicate a general pattern where streptococci, through their surface proteins and their interactions with host molecules and cells, utilize and control inflammatory mechanisms to promote survival and growth.
